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ABSTRACT
We present the first three dimensional (3D) Morpho-Kinematic (MK) model of a supernova
remnant (SNR), using as a case study the Galactic SNR VRO 42.05.01. We employed the
astrophysical code SHAPE in which wide field imaging and high resolution spectroscopic data
were utilized, to reconstruct its 3D morphology and kinematics. We found that the remnant
consists of three basic distinctive components that we call: a “shell”, a “wing” and a “hat”.
With respect to their kinematical behaviour, we found that the “wing” and the “shell” have
similar expansion velocities (Vexp = 115±5 km s−1). The “hat” presents the lowest expansion
velocity of the remnant (Vexp = 90±20 km s−1), while the upper part of the “shell” presents the
highest velocity with respect to the rest of the remnant (Vexp = 155±15 km s−1). Furthermore,
the whole nebula has an inclination of ∼3◦ - 5◦ with respect to the plane of the sky and a
systemic velocity of Vsys = -17±3 km s−1. We discuss the interpretation of our model results
regarding the origin and evolution of the SNR and we suggest that VRO 42.05.01 had an
interaction history with an inhomogeneous ambient medium most likely shaped by the mass
outflows of its progenitor star.
Key words: Supernova Remnants: general – Individual objects: VRO 42.05.01 (G 166.0+4.3)
– ISM: kinematicals and dynamics, 3D modelling
1 INTRODUCTION
Massive stars (M ≥ 8 M) and carbon oxygen white dwarfs mem-
bers of interacting binaries (i.e. Filippenko 1997) may undergo an
explosively violent death (supernova explosion, SN). The SN ejecta
expand and sweep up the ambient medium. The resulting structure
is progressively transformed into a beautiful gaseous nebula which
is called supernova remnant (SNR). SNRs chemically enrich the
host galaxy, they influence its dynamics, while the shock waves
generated after the explosion are efficient cosmic ray accelerators.
Moreover, the large-scale of asymmetries and complex structures
that SNRs usually display, reveal inhomogeneities present in the
ambient medium where they evolve in, and provide clues about the
progenitor star, since SNRs interact with the material expelled dur-
ing the progenitor’s evolution (McKee 1988; Chiotellis et al. 2012).
The importance and utility of probing SNRs relies on providing
answers for the above crucial astrophysical topics.
Valuable information about the physical processes that domi-
nate in SNRs are gained through imaging and spectroscopic data.
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Nevertheless, regardless of the details that state-of-the-art astro-
nomical instruments can depict, the fact that these data are two
dimensional (2D) restricts the range of our knowledge for these ob-
jects, due to the absence of the information in the third dimension
along the light of sight. Consequently, the benefits from a three
dimensional (3D) study of a SNR aim at a deeper interpretation of
the collected observational data.
Up to date, there are two main important tools for gaining
information on the missing third dimension of SNRs: (a) the 3D
(magneto) hydrodynamic (MHD) models (Toledo-Roy et al. 2014;
Bolte et al. 2015;Abellán et al. 2017; Potter et al. 2014;Orlando et al.
2019), which reproduce the 3D physical properties by comparing
the 2D projection of the models with the observational data, and
(b) the 3D velocity-maps (DeLaney et al. 2010; Alarie et al. 2014;
Milisavljevic & Fesen 2013;Williams et al. 2017) which are created
by the propermotion andDoppler shifted velocities of different parts
of the remnant.
In this paper we take a third approach, the so-called "Morpho-
Kinematic modeling" which, up to now, it has been applied success-
fully in Planetary Nebulae (Akras & Steffen 2012; Akras & López
2012; Clyne et al. 2015; Akras et al. 2016; Fang et al. 2018; Der-
lopa et al. 2019; Gómez-Gordillo et al. 2020), but never in SNRs.
© 2020 The Authors
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2 Derlopa et al.
This method reconstructs the 3D morphology of the object by using
imaging and high-resolution spectroscopic data. The lack of such
a 3D model in the field of SNRs was our motivation to proceed in
the creation of the first 3D Morpho-Kinematical (MK) model of a
SNR. For our 3DMKmodel the astrophysical software SHAPEwas
employed (Steffen & Koning 2017), while as a case study we used
the Galactic SNR VRO 42.05.01 (hereafter VRO) for which no 3D
model has been constructed before.
The paper is organised as follows. The VRO properties are
presented in Section 2. The observations and data analysis are de-
scribed in Section 3. The 3D MK modelling and its results are
presented in Section 4 and 5, respectively. In Section 6 we discuss
the interpretation of our results and we end with our conclusions in
Section 7.
2 SNR VRO 42.05.01
VRO 42.05.01 (G 166.0+4.3, Dickel et al. 1965) is a well stud-
ied Galactic, mixed-morphology SNR (Boumis et al. 2016; 2020
in prep; Arias et al. 2019a,b and references therein). This remnant
was chosen for the 3D MK model due to its intriguing morphology
which basically consists of two main parts: i) a hemisphere at the
northeastern region called the “shell” and ii) a larger, bow-shaped
shell at the southwestern region, called the “wing” (Landecker et al.
1982) (see Fig.1a). Due to its complex morphology, it has drawn
the attention of the scientific community attempting to explain its
overall shape. According to Pineault et al. (1987), the initial explo-
sion of the VRO occurred in a region characterized by a density
discontinuity. The part of the remnant that evolved into the denser
region created the “shell” component, while the rest diffused into
a hotter and tenuous medium and shaped the “wing” component.
However, according to the recent results presented by Arias et al.
(2019b), there is no physical proof of an interaction of the remnant
with the surrounding molecular clouds and they attributed the al-
most triangular shape of the “wing” to a Mach cone cavity which
was created by a supersonically moving progenitor star and was
filled out by the SN ejecta. Finally, Chiotellis et al. (2019) modeled
the observed morphology of VRO with 2D hydrodynamic simula-
tions, suggesting that the remnant is currently interacting with the
density wall of a wind bubble sculptured by the equatorial confined
mass outflows of a supersonically moving progenitor star.
The interpretation of the remnant’s morphology still remains
an open issue. Our aim is, using the physical results presented below
that deduced from the 3D MK model, to contribute to the clarifi-
cation of unanswered questions with respect to this intriguingly
complicated SNR.
3 OBSERVATIONS
Wide-field and high-resolution imaging: Wide-field optical im-
ages covering the whole area of VRO (55 × 35 arcmin2, with an
image scale of 4 arcsec pixel−1) were obtained with the 0.3 m tele-
scope at Skinakas Observatory (Greece) in 2000 and 2001 with
the use of Hα+[N ii] 6548, 6584 Å, [O iii] 5007 Å and [S ii] 6716,
6731Å interference filters (Boumis et al. 2012, 2016, 2020 in prep.).
For the needs of the presented 3D model, the image in Hα+[N ii]
filter was used due to the high brightness of the remnant in this
emission line (see Fig.1a). Furthermore, high-resolution Hα+[N ii]
images of selected areas of VRO have been obtained with the 2.3
m Aristarchos telescope at Helmos Observatory (Greece) between
2011 and 2019 (Boumis et al. 2020 in prep.). Although these im-
ages were not digitized into the model constraints, they were used
for the 3D visualization of VRO as they depict in great detail the
filamentary structures of the remnant.
High-dispersion long-slit spectroscopy: High-resolution long-slit
echelle spectra were obtained in Hα+[N ii] 6548, 6584 Å, [O
iii] 5007 Å and [S ii] 6716, 6731 Å between the years 2010 and
2019 (Boumis et al. 2020 in prep.) at the 2.1 m telescope in San
Pedro Martir Observatory, Mexico, with the Manchester Echelle
Spectrometer (MES-SPM; Meaburn et al. 2003). A 2048 × 2048
(13.5µm pixel size) CCD was used with a two times binning in
both the spatial and spectral dimensions, resulting in a 0.35 arcsec
pixel−1 spatial scale. The slit length corresponds to 5.5 arcmin on
the sky, while the slit width used was 300 µm (20 km s−1 or 3.9
arcsec wide or 0.44 Å). In total, 26 long-slit spectra were obtained
with the purpose to cover the key areas of the remnant. From these,
21 spectra were obtained with slit Position Angle (P.A.) of 45◦ with
respect to the North and the rest 5 at a P.A. of 90◦ (Fig.1a). The
spectra were finally calibrated in heliocentric radial velocity (Vhel)
to ±2.6 km s−1 accuracy against spectra of a Th-Ar lamp. The data
were analyzed in the standard way using the iraf software package.
From the spectra analysis, the kinematical information was obtained
which was necessary for the needs of the 3D model.
4 3D MORPHO-KINEMATICAL (MK) MODELLING
A 3D study of extended emission line sources like PNe, H ii regions
and SNRs is essential to provide new insights to their formation
and evolution. Although PNe have been extensively studied via 3D
MK modeling, there is no similar work for SNRs. The reasons for
this are i) SNRs are usually very extended sources, which means
that, apart from the imaging data, a great amount of spectroscopic
data is also required for a full coverage of the remnant, ii) the
asymmetries that SNRs usually display in their shape denote a great
complexity in morphology and kinematics which is an additional
factor of difficulty in the 3D visualization and iii) many SNRs are
thin shellswith low central emission along the line of sight, therefore
most of the optical emission is tangent to the observer and hence
radial velocities are close to zero. Below, we present the first 3D
MK model for a SNR (VRO 42.05.01), using SHAPE and briefly
outline the method.
For the reconstruction of the 3D structure of VRO, Hα+[N ii]
images were used to constrain its 2D morphology projected on the
plane of the sky. For the third dimension along the line of sight, the
position-velocity (PV) diagrams of high-dispersionHα spectra from
26 regions were employed.We started by building the remnant from
the “wing” component considering a spherical structure, which we
gradually deformed applying a number of geometric tools in SHAPE
(size, squeeze, bump). The other two components, “shell” and “hat”,
were simulated as spherical shell structures with a finite thickness.
A key assumption for 3D MK modelling is the velocity field
of a structure that allows us to constrain its size in the direction
perpendicular to the plane of the sky. The homologous expansion
law −→V = B( −→rRo ), where r is the distance in arcmin of a given point
from the centre of the field, Ro is the distance in arcmin at which
the velocity is equal to B (km s−1), was used for all the components
of VRO, with expansion centres for the “shell” and “hat” that are
offset from that of the “wing” (see Fig.1c) and with different B
coefficients. The model provides us with a 3D-snapshot in time of
the changing structure, while it is distance independent.
In case of PNe models, the centre of the velocity field coin-
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Figure 1. Fig.1a shows the VRO in Hα+[N ii] 6548, 6584 Å emission lines. The blue labelled lines represent the slits’ positions where high resolution spectra
were obtained. In Fig.1b the 3D model of VRO is demonstrated, where its three components are labelled, and Fig.1c illustrates the 3D model in mesh-grid
representation overlaid upon the Hα+[N ii] image, without the slits’ positions. The different colours correspond to the distinct components of the remnant with
respect to their morphology and kinematics. The black arrows point to the direction of expansion of the green region and the “hat” component of VRO. The
three coloured dots illustrate the geometrical centre of each component, which coincides with the centre of each component’s velocity field too.
Figure 2. 3D model of VRO in mesh-grid representation, as seen from different angles rotated through x, y and z axis. For colour description see Fig.1. An
animation of the 3D model can be found in the supporting materials of this paper.
cides with the geometric centre of the nebula. However, in complex
SNRs such as VRO with three different structures is more diffi-
cult to define the centre, given the fact that the position of the
explosion is uncertain. Therefore in our model, we assumed that
the expansion velocity field centre coincides with the geometri-
cal center of each component. The expansion velocity laws of the
“shell” (B=115 km s−1, Ro=15.5 arcmin) and its upper part (green
region in Fig.1c) (B=155 km s−1, Ro=15.5 arcmin), and of the
“hat” (B=90 km s−1, Ro=10 arcmin) structures were determined by
matching the model with the observations from various slit posi-
tions. Due to the complex morphology of the “wing”, the velocity
law was constrained using only the PV diagram of slit 25 (Fig.1a).
Because of the position of slit 25, the angle between the expansion
and radial velocities is small enough to minimize the effect of the in-
clination and provides a less uncertain velocity field (B=115 km s−1,
Ro=39 arcmin). For the remaining slits, we consider the same ve-
locity law and we deformed the shape and size of the structure until
a satisfactory matching was obtained between the model and the
observations.
Apart from the kinematics, the filamentary structures that VRO
presents were also intriguing. As shown in Fig.1a, the remnant
shows a filamentary structure, but especially in the “shell” there is
network of filaments, crossing the entire surface. The most intense
of them were reproduced as indentations on the surface of the com-
ponent (see Fig.1b). Pineault et al. (1987) had also characterized
the“shell” as “surface spherical in grand design but indented in de-
tail”. Furthermore, in the model we used the wing’s outer edges as
closed-ended, even though in Fig.1a it seems that they are open-
ended. A higher contrast version of this image, shows that even
they are fainter and not continuous, they are close-ended, but the
possibility of having shock break-out features there cannot be ruled
out.
MNRAS 000, 1–6 (2020)
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Figure 3. PV observational (in Hα emission line) and synthetic diagrams of six different regions of VRO. For description see Section 5.
5 RESULTS
Fig.1a illustrates the observational Hα+[N ii] image of VRO along
with the slits’ positions, while in Fig.1b the 3D model of VRO is
presented. Apart from the “shell” and the “wing” components, a
third component has also been added in the southwestern region of
the remnant, that we term it as the “hat”. The reason for representing
this part as a separated structure was that, according to the observa-
tional data and the model, this lower part of the “wing” protrudes
with respect to the rest “wing”, and also shows a different kinematic
behaviour. In Fig.1c, the 3D visualization is illustrated but in a mesh
representation, overlaid upon Fig.1a without the slits positions. The
different colours correspond to the distinct components of the rem-
nant, each one of which is characterized by its own morphology and
velocity field. Fig.2 also presents the mesh representation of VRO,
as seen from different directions.
We found that the whole remnant is tilted by approximately
∼3◦-5◦ with respect to the plane of the sky. That means that the
“shell” goes inwards the page, while the “hat” component goes
outwards from the page. Concerning the “wing” component, the
model showed that its northern part is bent with respect to its eastern
counterpart, implying a possible interaction with a denser ambient
medium at this part of the remnant (see also Arias et al. 2019b).
In addition, a part of the “wing” penetrates the central region of
the “shell” at its front side (see Fig.1a near slit 26), but also at
its back side as well as showed by the model. Furthermore, the
straight filament that crosses the shell in the positions of slits 11
and 22, is attributed - based on our model - to the northern back
side of the “wing” component. The systemic velocity of the SNR
was calculated to be Vsys = -17±3 km s−1, lower than the value of
Vsys = −34 km s−1 proposed by Landecker et al. (1989).
With regards to the expansion velocities of each compo-
nent, the model showed that VRO is not characterized by a uni-
form velocity law. The “shell” appears to expand at a velocity of
Vexp = 115±5 km s−1. However, the upper part of the “shell” (green
region in Fig.1c) presents an expansion velocity towards north-east
of Vexp = 155±15 km s−1, which is higher than that of the rest
“shell”, and also corresponds to the the highest velocity of the rem-
nant in total. The “wing” appears to have Vexp = 115±5 km s−1,
same as the “shell” counterpart. On the opposite side of the rem-
nant in the south-west region, the “hat” was found to expand at a
velocity of Vexp = 90±20 km s−1, which is lower than that of the
“wing” component. The black arrows in Fig.1c point to the direction
of the radial expansion of the green region and the “hat” of VRO.
The velocities of our [O iii] spectra in these regions, i.e. slits 5
and 8 (V∼120-130 km s−1) and 18 (V∼70-100 km s−1), agree with
those deduced from our model, which in turn are consistent with
the velocities of theoretical shock models (Hartigan et al. 1987).
Apart from the morphological resemblance of the reproduced
model with the observational image, our guide in order to check
the validity of our model was the overall agreement between the
observational PV and the synthetic PV diagrams produced with
SHAPE. In Fig.3, six PV observational diagrams (black lines in
Hα) from six characteristic regions ofVROare presented alongwith
the synthetic coloured PVs reproduced with SHAPE. These spectra
correspond to regions of the “shell” (slits 5, 10), the “wing” (slit 14),
the “hat” (slit 18), and the contact regions between the “shell” and
the “wing” (slits 24 and 26). The blue and red lines correspond to the
blue-and red- shifted part of the remnant, respectively. At the points
where the slit’s position covers the regions of two components, see
for example slits 24 and 18 in Fig.1a, the contribution in the synthetic
spectra comes from both components. This is why there are two
pairs of blue-red lines in the synthetic PVs of these slits. Similarly,
in the synthetic PV of slit 26, both the “wing” and the back side
of the “shell” contribute to the reproduced, synthetic PV diagram.
The matching is quite sufficient, and it has been achieved for all
the 26 spectra obtained for VRO. The goal was the overall fitting
between observational and synthetic spectra, neglecting at this point
individual substructures (blobs etc.) that the spectra may illustrate.
Therefore, the model results are consistent with the observations in
both imaging and spectroscopic data.
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6 DISCUSSION
Due to its peculiar morphology, VRO has become the subject of
investigation for many years, in an attempt for its morphology to be
correctly interpreted.
According to our model, VRO consists of three basic com-
ponents: a “shell”, a “wing” and a “hat”. This distinction is on
the basis of their morphology and kinematics. The first two struc-
tures were adopted from the already known literature and proved
to have the same velocities range (Vexp = 115±5 km s−1), while
the third structure was added in the model due to its different
kinematics (Vexp,hat =90±20 km s−1) and the protrusion it presents
with respect to the “wing” component. Finally, we found that, al-
though the “shell”seems to be morphologically unified, its upper
part (green region in Fig.1c) expands with a higher velocity of
Vexp = 155±15 km s−1.
Our 3D MK model showed that the remnantâĂŹs morphol-
ogy displays a roughly axial symmetry in the azimuthal and polar
dimension. This result advocates that VRO most likely was shaped
under an axis or central symmetric mechanism linked to the nature
and evolution of the progenitor system. From this perspective our
results are aligned to the wind blown medium around the VRO rem-
nant suggested by Chiotellis et al. (2019). Within the framework of
this model, the similar velocities that the “shell” and the “wing” dis-
play âĂŞdespite their different shapes and sizes- can be attributed
to the deceleration of the remnant caused by the collision of the SN
blast wave with the density walls of the wind bubble. In the fast
expanding upper part of the “shell” (green region) we may witness
a shock breakout, where the blast wave penetrated the CSM den-
sity wall and is currently propagating in the lower density ambient
medium. Finally, the “hat” component coincides with the region of
the bow shaped CSM where the stagnation point is lying. The high
circumstellar densities expected in the area of the stagnation point
(e.g Chiotellis et al. 2012) is aligned with the low velocities we gain
from the “hat” component of the remnant.
An ISM density discontinuity suggested by Pineault et al.
(1987) could also be possible to explain the VRO properties as ex-
tracted by our 3DMKmodeling. Within this model the “wing” had
evolved in the low density region of the ISM and thus, it gained
its extended size compared to the “shell”. Currently, one may say
that the “shell” and the “wing” have swept up about the same mass
and as a result they display similar expansion velocities. However,
an extra ISM density gradient toward the NE and SW direction is
required in order to explain the high and low velocity of the upper
“shell” and the “hat”, respectively.
7 CONCLUSION
We present for the first time a 3D Morpho-Kinematic model of a
SNR, VRO 42.05.01. The principal conclusions from this study are:
(i) VRO can be represented by three basic distinct components,
i.e. a “shell”, a “wing”, and a “hat”, each one of which presents
specific morphological and kinematical characteristics.
(ii) The “shell” and the “wing” reveal similar expansion veloc-
ities of Vexp = 115±5 km s−1 while the “hat” is expanding with
Vexp = 90±20 km s−1. Finally, the upper part of the “shell” dis-
plays the higher expansion velocity of the SNR equal to Vexp =
155±15 km s−1.
(iii) The remnant has an inclination of ∼3◦ - 5◦with respect to
the plane of the sky and a systemic velocity ofVsys = -17±3 km s−1.
(iv) The northern part of the “wing” component is tilted with
respect to its eastern counterpart, due to a possible interaction with
a denser ambient medium in this region of the SNR.
(v) Our results are in linewith thewind-bubble interactionmodel
suggested by Chiotellis et al. (2019), however, a local ISM discon-
tinuity in the vicinity of VRO suggested by Pineault et al. (1987)
cannot be excluded.
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